Boron is my element -not that I own boron, but it owns me' M. F. Hawthorne
Boron is a group 13 metalloid. It is not found in its elemental form on Earth, but rather it is chemically combined with oxygen and found in numerous borate minerals such as borax (tincal) (Na 2 6 ]Á5H 2 O). The largest reserves of boron minerals are found in Turkey, with the country holding an estimated 70 % of total worldwide deposits. Borax has been used as a flux since antiquity, and it has been described in early Latin texts. It was also used as a pottery glaze in China from around 300 AD. The name 'borax' is thought to be derived from the Arabic word buraq or Persian word burah (white).
Some volcanic spring waters and vapours from fumaroles, such as those found in Tuscany, Italy, are rich in boric acid (sassolite, H 3 BO 3 ). The acid or, more likely, the dehydrated form known as metaboric acid (HBO 2 ) was first prepared in 1702 by the German natural philosopher W. Homberg when he combined borax with vitriolic acid (H 2 SO 4 ), [1] naming the product Sal Sedativum Hombergi ('sedative salt of Homberg'). As a result of A. Lavoisier's early work on acids, the term 'boracic acid' was used in place of Sal Sedativum, abbreviated later to boric acid.
The year 1808 was a landmark for chemistry as the British chemist J. Dalton first proposed his revolutionary atomic theory, but a lesser known fact is that, in the same year, elemental boron was first isolated in an impure form from boric acid by reduction with potassium metal or electrolysis. Intriguingly, the element was discovered twice: J. L. Gay-Lussac and L. J. Thénard (Paris) used potassium as the reducing agent and reported their discovery first and, [2] independently, Sir Humphry Davy (London) used electrolysis initially (later with potassium) and reported his discovery nine days later. [3] The great irony is that Gay-Lussac and Thénard could not have made their discovery without first isolating potassium metal by electrolysis, the preparation of which was first reported by Davy one year earlier! In 1812, the New England Journal of Medicine and Surgery quoted Davy: 'ythere is strong reason to consider the boracic basis as metallic in its nature; and I venture to propose for it the name of boracium'. The article continues: 'The conclusions of the French chemists M. M. Gay Lussac and Thenard, respecting the nature of the basis, are somewhat different. They regard it as analogous to sulphur and phosphorus, and have given it the name of bore.' In 1824, the Swedish chemist J. Berzelius first characterised boron as an element. [4, 5] In 1859, the British organometallic chemist E. Frankland prepared the first organoboron compound, triethylborane, by treating triethylborate with an excess of diethylzinc. [6] Boron's high propensity for refractory contamination and stoichiometric reactions with many other elements such as carbon is largely the reason why so much confusion in the literature exists, with numerous reports incorrectly claiming the isolation of the pure element. [7] In 1895, the French chemist H. Moissan, who had isolated fluorine nine years earlier, had not only proved that the first reports of boron were in fact based upon highly impure samples, but he also came close to isolating the pure element himself upon reduction of B 2 O 3 with magnesium metal. [8] The purified element was not reported for another century after its initial reports when the Russian-born American chemist E. Weintraub reduced BCl 3 with H 2 to give high purity (,99 %) boron. [9] It took another 50 years before the first pure boron phase (b-B 106 ) was fully characterised by Sands and Hoard, [10, 11] arguably the first report of the pure element 150 years after its initial discovery by Davy, Gay-Lussac, and Thénard. In 2007, b-B 106 was shown by means of DFT calculations to be the most thermodynamically stable phase of boron at room temperature. [12] To date, five crystallographically characterised allotropes of the pure element are known (a-and b-rhombohedral, aand b-tetragonal, and g-orthorhombic) but at least two amorphous forms along with over a dozen other allotropes of boron have been reported, although it is likely that some are not comprised of the pure element. More recently, new 2D crystalline monolayer (borophene) [13] and fullerene-like 3D (borospherene) [14] boron materials have also been reported, but it was only this year that borophene was first synthesised free of a metal substrate in a scalable manner by means of sonochemical exfoliation. [15] There is little doubt that new boron materials such as borophene and boron nitride nanosheets [16] will play an important role in the 'post-graphene' world.
In terms of molecular compounds containing boron, boranes are the second largest group of binary element hydrides (B x H y ) after the hydrocarbons, many of which were first prepared by the German chemist A. Stock over several years . But unlike methane, even the simplest boron hydride BH 3 exists as the dimeric molecule diborane (1; Chart 1) whose structure cannot be adequately described using a valence-bond description, and multicentered (e.g. 3-centre, 2-electron) bonding must be invoked. Higher boranes, where x . 3, form structurally diverse cluster compounds known as 'polyhedral boranes' that are usually incorrectly referred to as 'electron deficient'. Indeed, many such boranes are thermally stable and many of their structures were predicted before their synthesis. [17] The threedimensional delocalisation (or 'pseudo-aromaticity') of the s-framework electrons in polyhedral boranes largely accounts for their remarkably robust properties. Numerous types of polyhedral boranes were first prepared by the American chemists E. Muetterties and M. F. Hawthorne, e.g. the icosahedral [B 12 H 12 ] 2À dianion 2 (Chart 1). [18, 19] Furthermore, heteroatoms such as carbon could be incorporated into the cluster framework to afford the widely known carboranes, [20] for example. Chemical bonding theories required revision and new sets of electron-counting rules, e.g. polyhedral skeletal electron pair theory, were devised by K. Wade [21] in order to explain the bonding in polyhedral boranes; E. Jemmis [22] later established electron-counting rules for macropolyhedral boranes and elemental boron. [23] Boron continues to intrigue chemists with a new type of conformational isomerism reported for a boronporphyrin complex. [24] If boranes are the group 13 analogues of hydrocarbons, then unsaturated organic molecules such as alkenes and alkynes also have their boron-based analogues. Main group chemists have isolated and characterised numerous types of small molecules with B-B multiple bonding, including anionic and neutral diborenes exhibiting B=B bonding, e.g. 3 (Dipp ¼ 2,6-i Pr 2 C 6 H 3 ; Chart 1). [25] [26] [27] [28] [29] More recently, H. Braunschweig and co-workers reported the first example of a diboryne possessing a formal triple bond between its two boron atoms (4; Chart 2), a significant achievement in the field. [30] Typically, boron has a formal oxidation state of þ3 in many of its molecular compounds, e.g. oxides, nitrides, and halides, but lower oxidation states are also accessible. In general, its chemistry is typified by its electrophilicity and ability to act as a Lewis acid. Boron can also greatly stabilise radicals. For example, G. Bertrand and co-workers have isolated a remarkably stable diphosphinodiborane diradical (5; Chart 2). [31] Under certain circumstances, boron can also display 'umpolung' behaviour and act as a nucleophile and a Lewis base. Formally, anionic boron derivatives known as boryls are one such example. In these molecules, the boron can act as a potent Lewis base, rather than the more typical Lewis acid, when bonded to an electron-rich N-heterocyclic carbene (NHC). In 2006, M. Yamashita and K. Nozaki reported the first example of boron nucleophile, a NHCstabilised boryl anion (isolated as its lithium salt 6; Chart 2) [32] ; a more-readily accessed magnesium derivative was recently reported. [33] G. Bertrand and co-workers have reported the first example of a borylene 7 (Chart 3) with an electron-rich boron centre which is isoelectronic with secondary amines. [34] One-electron (chemical) oxidation of 7 yielded the borinylium radical cation 8 (Chart 3). Alternatively, protonation of 6 with a strong Brønsted acid afforded the boronium cation 9 (Chart 3). Notably, the free NHC-stabilised B-H borylene 10 (Chart 4) has been prepared in situ from the parent boron dichloride by means of a dehalogenation reaction and trapped with naphthalene. [35] With a lone pair and empty p-orbital, the boron atom in borylenes can bind and activate small molecules such as N 2 , thus representing the first example of N 2 binding and reduction by a non-metal [36] ; two molecules of N 2 can also be coupled under reductive conditions to afford an unusual [N 4 ] 2À chain that bridges two boron centres (11, Tip ¼ 2,4,6-triisopropylphenyl; Chart 4). [37] D.
Stephan and co-workers have introduced and exploited a phenomenon termed 'frustrated Lewis pairs' (FLPs), [38] whereby sterically hindered Lewis acids based on boron and Lewis bases such as phosphines or amines (e.g. 12; Chart 4) cannot react together to form the expected Lewis acid-base adduct and instead cooperate to activate small molecules such as H 2 , alkenes, alkynes, NO, CO, CO 2 , SO 2 , N 2 O, silanes, and C(sp 2 )-H bonds. Their potential as metal-free catalysts is the subject of intensive research. H. Braunschweig and co-workers have proposed that the boron atom in reactive molecules such as borylenes and FLPs can act as a 'metallomimetic' main group element, with numerous examples and mechanisms discussed in a recent comprehensive review. [39] A. Hill and co-workers first demonstrated the boron atom in a borane ligand is directly involved in the formation of a coordinate-covalent bond with an electron-rich, transition metal (M-BR 3 ). [40] Coordination of B-H bonds at transition metal centres, and their subsequent activation to give boryl and borylene ligands are the subjects of intense study by numerous groups. [41] The formally anionic boryl ligand (BR 2 -) is a potent 2-electron, s-donor (M-BR 2 ), [42] and the borylene (:BR) ligand is isoelectronic with CO. [43] An important breakthrough in the field, reported by C. Jones, S. Aldridge, P. Mountford, and co-workers, involved the first examples of lanthanoid (f-block) complexes containing a boryl ligand, e.g. 13 (Ln ¼ Lu, Y; Chart 5). [44] H. Braunschweig and co-workers reported the first stable terminal borylene complexes 14 (M ¼ Cr, W; Chart 5). [45] The B-N bond is isosteric and isoelectronic with the C-C bond and many examples of so-called 'BN/CC isosterism' are known. [46] The classic example is borazine 15 (also known as 'inorganic benzene'; Chart 5), the stable B-N analogue of benzene, prepared by a reaction of diborane with ammonia. [47] Liu and co-workers have exploited this concept in their studies involving 1,2-azaborines 16 (Chart 6) and related analogues, including a comprehensive study of their potential applications in materials science and medicinal chemistry. [48] Boric acid has been used for many years as an eye-wash and mild antiseptic, and several naturally occurring antibiotics containing boron, e.g. boromycin 17, are known (Chart 6). [49] Boron is an essential plant micronutrient and there is some evidence it is required for the maintenance of bone health in mammals. [49] The discovery of 'first-in-class' drug leads and biological sensors based upon boronic acids, boronates, benzoxaboroles, carboranes, boron-dipyrromethene (BODIPY) and 1,2-azaborines will likely play key roles in the drug discovery pipeline and chemical biology, thereby cementing boron's place as an important element in the medicinal chemist's or chemical biologist's toolbox. [50] [51] [52] [53] [54] [55] [56] [57] [58] To date, three potent therapeutics containing boron are now used routinely in the clinic: bortezomib (18, Velcade Ò ; Chart 6) for the treatment of multiple myeloma; tavaborole (Kerydin Ò ) for the treatment of onychomycosis, a fungal infection of the nail and nail bed; and crisaborole (Eucrisa Ò ) for the treatment of atopic dermatitis. Several other boron-based drugs are currently in pre-clinical and clinical phases of assessment, including the first CNS-active carborane 19 (Chart 7). [59] Finally, the nucleus of the naturally occurring and non-radioactive 10 B isotope has a high affinity for thermal neutrons, a feature that has been exploited for several decades in an experimental cancer therapy known as boron neutron capture therapy (BNCT) used in the treatment of patients with intractable and aggressive cancers such as malignant brain cancers and melanoma. [60] Two 10 B-enriched BNCT agents, borocaptate ion (BSH, 20; Chart 7) and p-borono-L-phenylalanine (BPA, 21; Chart 7), are used clinically.
The rich and diverse chemistry of boron is unique and it has frustrated, challenged, and enlightened chemists for over two centuries. The element has given rise to completely new paradigms of chemical reactivity and bonding, and it has transformed synthesis, materials science, and medicinal chemistry. To date, boron has been central to three Nobel prizes in chemistry awarded to W. Lipscomb (1976), H. C. Brown (1979), and A. Suzuki (2010). Along with main group chemistry as a whole, [61] boron is currently experiencing a renaissance, and many new and exciting discoveries involving this element are assured in the future. The discipline of chemistry as a whole can only benefit from such discoveries.
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